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Characteristics of electrical breakdown of a planar magnetron enhanced with an electromagnet and a
hollow-cathode structure, are studied experimentally and numerically. At lower pressures the
breakdown voltage shows a dependence on the applied magnetic field, and the voltage necessary to
achieve the self-sustained discharge regime can be significantly reduced. At higher pressures, the
dependence is less sensitive to the magnetic field magnitude and shows a tendency of increased
breakdown voltage at the stronger magnetic fields. A model of the magnetron discharge breakdown is
developed with the background gas pressure and the magnetic field used as parameters. The model
describes the motion of electrons, which gain energy by passing the electric field across the magnetic
field and undergo collisions with neutrals, thus generating new bulk electrons. The electrons are in turn
accelerated in the electric field and effectively ionize a sufficient amount of neutrals to enable the
discharge self-sustainment regime. The model is based on the assumption about the combined classical
and near-wall mechanisms of electron conductivity across the magnetic field, and is consistent with the
experimental results. The obtained results represent a significant advance toward energy-efficient
multipurpose magnetron discharges.VC 2011 American Institute of Physics. [doi:10.1063/1.3553853]
I. INTRODUCTION
Magnetron sputtering is one of the most commonly used
techniques for thin film deposition and materials process-
ing.1–3 Recently, plasma-enhanced magnetron sputtering sys-
tems have been successfully used in a variety of advanced
applications, including synthesis and processing of micro-
and nanoparticles as well as biocompatible materials.4–6 A
wide range of important aspects have been studied, including
the current–voltage relations, gas rarefaction in front of the
target, different configurations of the magnetic fields, as well
as the plasma-related heating.7–11
The gas breakdown voltage is the most important pa-
rameter of the operation of magnetron discharges. There are
numerous experimental studies on the main features of the
magnetron discharge breakdown; however, despite several
decades of research, the theory of the magnetron discharge
ignition is far from being complete. It is known from the
experiments that the magnetic field applied transverse to the
electric field results in lowering the ignition voltages in a
low-pressure operation mode, while the same effect may
lead to higher breakdown voltages in the high-pressure
mode.7,12 Although the magnetron discharge is an essentially
glow discharge, which is sustained by secondary electron
emission from the cathode surface, it differs from the com-
mon glow discharge. This is why direct application of
Paschen’s law is not appropriate. It is widely accepted that
the magnetic field increases the electron cathode–anode path
length, which in turn leads to sufficiently high ionization
rates, and lowers the ignition voltages, which allows opera-
tion at lower gas pressures.13,14
However, electron conductivity across the magnetic field
is presently one of the most controversial issues in the under-
standing of the operation of magnetron discharges.15,16 In
general, magnetron discharges represent a subclass of plasma
devices with crossed electric and magnetic fields and the
associated electron drift along closed paths (for simplicity,
referred to as the closed electron drift in this paper). In these
devices, competition between the classical, Bohm-type and
near-wall electron conductivity mechanisms determines the
device characteristics and performance.17–19 The Bohm-type
conductivity is usually related to electromagnetic fluctuations
in the plasma. Therefore, it is unlikely to be present during
the electric breakdown of the discharge gap, due to the ab-
sence of the plasma at this stage. Therefore, classical and
near-wall conductivities are expected to play a significant
role during the breakdown phase of magnetron discharges.
In this work, the discharge breakdown relations are
measured for different background gas pressures and applied
magnetic fields in a magnetron device with a hollow-cathode
structure. A model describing the motion of electrons
through the gap across the applied magnetic field, and the
generation of ion–electron pairs in total amount that is suffi-
cient to satisfy the self-sustained discharge condition,20,21 is
developed. The model is consistent with the experimental
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results, and further clarifies the magnetron discharge break-
down mechanisms, and as such advances the understanding
of the physics of discharges in crossed electric and magnetic
fields with the closed electron drift. The obtained results also
represent a significant advance toward energy-efficient mag-
netron discharges since the device allows lower breakdown
voltages and provides better electron confinement.
II. EXPERIMENTAL SETUPAND PROCEDURES
A sketch of the experimental setup is shown in Fig. 1. A
cylindrical-shaped electromagnet with an outer diameter of
150 mm, inner diameter of 45 mm, and height of 106 mm
(4100 coils) was mounted on the magnetic iron core with a
diameter of 220 mm and a height of 20 mm. A disk-shaped
cathode made of polished stainless steel with a diameter of
400 mm and a thickness of 8 mm was installed on the elec-
tromagnet. A thin hollow-cathode structure (HCS) with a
thickness of 2 mm, height of 85 mm, and radius of 190 mm
was made of a stainless steel strip and mounted on the cath-
ode to tie the magnetic field lines to the negatively biased
surface and in this way ensure ignition of the magnetron dis-
charge by capitalizing on the closed drift of electrons. The
axes of symmetry of the electromagnet, the cathode, and the
HCS are the same. Thus, the system of interest here can be
classified as a planar magnetron discharge with a hollow-
cathode structure.15 The magnetron was installed in a cylin-
drical vacuum chamber with a diameter and height of 500
mm in such a way that the midplane of the vacuum chamber
coincided with the magnetron cathode surface.
The automatic gas supply system maintained the nitro-
gen gas pressure in the range from 0.01 to 10 Pa. The pres-
sure was measured with the help of the thermocouple and the
ionization gauges. The cathode and the HCS were main-
tained under a negative potential relative to the grounded
vacuum chamber walls. The experiments were performed
under the following conditions. The current of the electro-
magnet Im was varied stepwise and the following values
were used: 0, 0.3, 0.6, 1.0, 1.3, 1.6, and 2.2 A. The pressure
P was varied in the range from 0.5 to 2.2 Pa to ensure
the constant value of the electromagnet current and,
consequently, the constant value of the plasma confinement
power.12 Under such conditions, the negative voltage U in
the range from 200 to 1200 V was applied to the cathode to
provide the electrical breakdown in the self-sustained mag-
netron discharge with the HCS.
III. EXPERIMENTAL RESULTS
The discharge appeared in the form of a brightly glow-
ing circular plasma ring filling the volume outlined by the di-
ameter and the height of the HCS, except for a dark spot of a
diameter of about 80 mm near the cathode center region. A
photograph of the discharge is shown in Fig. 2(a).
The breakdown voltage is defined as the cathode voltage
at which the current passing through the electrodes start to
increase drastically when a dc voltage is gradually
increased.7 Fig. 2(b) shows the measured discharge break-
down voltage Ub as a function of the gas pressure P for dif-
ferent values of the electromagnet current Im. It is seen that
the value of the pressure Pmin at which Ub reaches the mini-
mum value (250 V) in a nonmagnetron discharge (Im¼ 0 A)
is approximately 2 Pa. We have observed that the applied
magnetic field increases the breakdown threshold. Indeed, the
larger the current of the electromagnet, the higher the value of
the minimum breakdown voltage. The tendency of higher
breakdown voltages at larger electromagnet currents is
preserved until the gas pressure is reduced to about 0.9 Pa. At
this pressure, the variation in the electromagnet current does
not significantly change the breakdown voltage compared to
FIG. 1. Schematic of the experimental setup.
FIG. 2. (Color online) Photo of the discharge (a) and the dependence of the
breakdown voltage of the self-sustained magnetron discharge on the gas
pressure with the electromagnet current as a parameter.
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the nonmagnetron discharge mode. However, the above mo-
notonous dependence of the breakdown threshold on the
applied electromagnet current changes to extreme as the gas
pressure is reduced further. We have observed that increasing
the current of the electromagnet at pressures in the range
between 0.9 and 0.75 Pa results in increasing the breakdown
voltage at electromagnet currents below some “critical” value,
and decreasing the voltage at the currents above the critical
current. That critical value lies between 1.0 and 1.3 A, and
varies with pressure—the lower the pressure, the higher the
critical electromagnet current. A pressure of 0.75 Pa appears
to be the minimal pressure, for which all applied currents
allow one to obtain the breakdown for the applied range of
the cathode bias. Further decreasing the pressure results in
vacuum isolation for low electromagnet currents. Hence,
some minimal value of the applied electromagnet current is
required to ignite the discharge. The most interesting results
of the experiment are strong dependence and nonmonotonic
behavior of the measured characteristics of the breakdown
voltage on applied magnetic field at reduced pressure, which
were observed also by other investigators.7,12
IV. MODEL OF THE PLASMA DISCHARGE
In order to describe the measured characteristics of the
magnetron discharge breakdown, a model of electron trans-
port in the crossed magnetic and electric fields is developed.
The electrons are considered as confined by the perpendicu-
lar (B\) component of the applied magnetic field, while the
ions are not confined by the magnetic field and are acceler-
ated by the electric field E toward the cathode. The second-
ary electron emission is produced through the interaction of
the ions with the cathode. The electrostatic sheath potential
repels the electrons from the cathode surface; however, some
absorption of the secondary electrons by the cathode surface
can occur.
The considered electron motion and ionization processes
during the electric breakdown are sketched in Fig. 3. When
an electron is affected by the electric and magnetic fields in
the presence of scattering centers (neutral particles, etc.), its
motion is a combination of a motion along the helical-type
trajectories around the magnetic field line, and a drift across
the magnetic field. The drift velocity is much lower com-
pared to rotational and translational velocities around the
magnetic field lines. The electron is trapped by the applied
magnetic field, while moving along the magnetic field line,
which starts and ends at the cathode. The only way to reach
the anode for such electrons is through interactions with scat-
tering centers, which results in diffusion of the electrons
across the magnetic field. The diffusion takes place until the
electron reaches a magnetic field line, which starts at the
cathode and ends at the anode. In terms of electron confine-
ment, the electron motion along such magnetic field lines
does not differ much from the electron motion without a
magnetic field. Therefore, the discharge gap can be divided
into two regions: the region with the effective magnetic
confinement of the electrons, and the region where the elec-
trons can be treated as free particles, which are affected by
the electric field only.
Considering the electron motion in the confinement
region, one may conclude that the action of the applied mag-
netic field results in changing the total path to reach the anode.
The electron trajectory corresponds to the motion along the
magnetic field lines with abrupt transitions to the next mag-
netic field line due to collisions with scattering centers. Mean-
while, the electrons can gain energy due to the presence of the
electric field, and then ionize neutrals. The ionization event in
that region is a statistical process that can be quantified by
comparing how far an electron travels on average across the
magnetic field (i.e., along the electric field line in the case
considered) and along the magnetic field, before taking part in
an ionizing collision. For the region without effective mag-
netic confinement, the efficiency of ionization is determined
by the average distance an electron can travel along the elec-
tric field before taking part in an ionizing collision.
The condition of the discharge self-sustainment for the
considered setup is:20
ai d  hð Þ þ aiBdm ¼ ln 1þ 1cnet
 
; (1)
where ai and aiB are the ionization coefficients for the
regions without and with the effective magnetic confinement,
respectively; cnet is the effective coefficient of the secondary
electron emission in the presence of the magnetic field; d is
the distance between the cathode and the anode; h is the
height of the hollow-cathode structure; and dm is the total
path the electron has to pass to overcome the confinement
region. The length of the region without the magnetic con-
finement is assumed to be of d–h in Eq. (1). Thus, the extent
of the confinement region is limited by the height h of the
hollow-cathode structure with radius R.
Equation (2) may be written in the form
aid 1 h
d
þ aiB
ai
dm
d
 
¼ ln 1þ 1
cnet
 
; (2)
where conditions dm¼ h and aiB¼ ai should be satisfied at
B\¼ 0 to reduce Eq. (2) to the well-known equation of
electrical breakdown of the discharge self-sustained by
FIG. 3. Scheme of electrical breakdown in the planar magnetron device
with a hollow-cathode structure.
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secondary electron emission.13,22 The ionization coeffi-
cients are:20
ai ¼ constka exp 
eiz
Eka
 
; (3)
aiB ¼ constka exp 
eiz
Eka
 
; (4)
where ka is the path length for elastic collisions of the elec-
trons with neutrals in the course of their motion in the region
without magnetic confinement; ka is the path length for elec-
trons across the magnetic field between the elastic collisions
of the electrons with the neutrals in the course of their
motion in the region with magnetic confinement; and iz is
the ionization energy of neutral species expressed in eV.
The difference between ka and k

a is that the path length
ka for electrons across the magnetic field is limited by the
electron drift velocity across the magnetic field compared to
the path length ka, which is limited by the electron velocity
along the magnetic field line (or to the electron velocity in the
absence of the magnetic field). To reach the anode, the elec-
trons have to pass the region with the magnetic confinement,
where the ionization coefficient is determined by Eq. (2), then
the region without the magnetic confinement, where the ioni-
zation coefficient is determined by Eq. (1). Obviously,
ka should be equal to ka in the absence of the magnetic field.
In Eq. (4), the electrons are assumed to pass the length
ka along the magnetic field line and gain energy Ek

a between
the elastic electron-neutral collisions. The electron mobility
across the magnetic field is17
le? ¼
le
1þ xc
mR
 2 ¼ e
mmR 1þ xcmR
 2" # ; (5)
where le is the electron mobility along the magnetic field; mR
is the total frequency of elastic collisions of the electron,
which may include the collisions with neutrals (classical
conductivity) and walls (near-wall conductivity); and
xc¼ eB\/m is the electron gyrofrequency, e is the electron
charge, and m is the electron mass.
The path length ka across the magnetic field where the
electrons gain energy between the elastic collisions with neu-
trals can be expressed through13,17
ka ¼
Ved
ma
¼ le?E
ma
¼ eE
mmamR 1þ xcmR
 2" # ; (6)
where Ved is electron drift velocity across the magnetic field
and ma is the frequency of elastic collisions with neutrals
expressed in 1/s.
The electron path length kR across the magnetic field
between the elastic collisions is
kR ¼ VedmR ¼
le?E
mR
¼ eE
mm2R 1þ
xc
mR
 2" # ; (7)
which can be used to calculate the total length dm, which the
electron should pass to overcome the confinement region:
dm ¼ hVekRmR ¼ h
Ve
Ved
; (8)
where Ve is the electron velocity; h/kR is the number of elec-
tron elastic collisions to overcome the confinement region,
and Ve/mR is the distance that the electrons pass along the
magnetic field lines between the elastic collisions and conse-
quent “jumps” to other magnetic field lines.
The total frequency of the electron elastic collisions is a
sum of frequencies of collisions with neutrals and walls, where
both events lead to electron diffusion across the magnetic field:
mR ¼ ma þ mw: (9)
Since the probability of the electron collisions with the walls
at the edge z¼ h and electron gyration radius rL should also
be taken into account, we introduce
mw ¼ Ve
lm
exp  rL
h
 
; (10)
where lm is the length of a magnetic field line between the
points of intersection with the cathode.
The total frequency of elastic electron collisions is then
mR ¼ ma 1þ mwma
 
¼ ma 1þ ka
lm
exp  rL
h
  
; (11)
where the relation ma¼Ve/ka has been used.20 After the sub-
stitution of Eq. (11) into Eq. (6), one obtains:
ka¼
eEk2a
mV2e 1þ
ka
lm
exp rL
h
  
1þ xc
ma
 2
1þka
lm
exp rL
h
  ( )2 :
(12)
Considering the electron motion, the newly created bulk elec-
tron is assumed to gain the mean energy mV2e =2 ¼ bEeEka
upon a collision with a neutral atom. This collision in turn
may result in the ionization of the neutrals, which is quantified
by the coefficient bE.
Furthermore, since ka should be equal to ka in the ab-
sence of a magnetic field, the following condition should be
met: bE¼ 1/2. This condition means that the mean energy
also incorporates electron gyration, which is why the energy
is decreased compared to the maximum possible value eEka.
Finally, we obtain
ka¼
ka
1þka
lm
exp rL
h
  1=2
1þ xc
ma
 2
1þka
lm
exp rL
h
  2( )1=2;
(13)
and
kR¼ ka
1þka
lm
exp rL
h
  
1þ xc
ma
 2
1þka
lm
exp rL
h
  2( )1=2 :
(14)
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Substitution of Eqs. (11) and (14) into Eq. (8) gives
dm
h
¼ 1þ xc
ma
 2
1þ ka
lm
exp  rL
h
  2( )1=2
: (15)
The applied magnetic field is assumed to effect the second-
ary electron emission. Due to its helicoidal trajectory around
the magnetic field lines, a secondary electron leaving the tar-
get can return to the surface in the regions where the mag-
netic field lines are not perpendicular to the cathode. Then,
the electron can be reflected or captured by the surface. To
link the coefficient cnet with the secondary electron emission
coefficient csee in the absence of the magnetic field, the fol-
lowing relation for the effective coefficient of the secondary
electron emission was used:
cnet ¼ csee 1þ Rref
xc
ma
 2" #
1þ xc
ma
 2" #1
; (16)
where Rref is the reflection coefficient of the secondary elec-
trons, and the direction of the magnetic field lines is assumed
to be parallel near the cathode surface.23
The equation describing the electrical breakdown of the
discharge self-sustained by the secondary electron emission,
for a magnetron source with the hollow-cathode structure,
can be obtained by substituting Eqs. (3) and (4), expressions
ka¼ kT/Pra, E¼Ub/d, and constants Ac¼ ra/kT and
Bc¼ izra/kT (where k is Boltzmann constant; P and T are
the gas pressure and temperature, respectively; ra is the cross
section for electron–neutral elastic collisions; and Ub is the
breakdown voltage) into Eq. (2):
Ub ¼ BcPd
n1  ln ln 1þ 1cnet
 h i ; (17)
where
n1 ¼ ln AcPd 1þ
h
d
dm
h
exp BcPd
Ub
ka
ka
 1
  
 1
 	  
;
and the values of lm, B\, and E have been assumed to be
constant.
Equation (17) should be solved numerically when the
applied magnetic field is finite. On the other hand, Eq. (17) is
straightforwardly reduced to the conventional Paschen’s law
in the absence of the magnetic field.
V. NUMERICAL RESULTS AND DISCUSSION
The calculations were based on the experimental data by
using the measured breakdown voltage thresholds of the
magnetron discharge reported in Sec. III. Prior to solving Eq.
(17), two-dimensional maps of the transverse component B\
of the external magnetic field were calculated for the electro-
magnet currents Im¼ 0, 0.3, 0.6, 1.0, 1.3, 1.6, and 2.2 A. A
representative map of component B\ for the electromagnet
current of 2.2 A is shown in Fig. 4(a). The calculations show
an almost linear dependence of the magnetic field on the
applied current, which is described by the expression
B\¼B\(2.2)Im/2.2, T, where B\(2.2) is the magnetic field for
Im¼ 2.2 A. The ranges of magnetic field magnitudes were
determined for each electromagnet current and then substi-
tuted into Eq. (17).
To solve Eq. (17) numerically and obtain the depend-
ence of the breakdown voltage on the gas pressure, several
assumptions have been made. The length of the magnetic
field line was calculated by lm
2¼R2þ h2, thus preserving the
dependence of the length lm on the sizes of the cathode and
hollow-cathode structure. To calculate the ratios of the elec-
tron cyclotron and electron–neutral frequencies as well as to
compare the electron gyroradius to the height of the hollow-
cathode structure, we have used the following relations
xc/ma¼ eB\kT/mPka (ka is the ionization rate expressed in
m3/s) and rL¼mka/eraB\, respectively. In these calculations,
the following parameters were used: R¼ 0.19 m, d¼ 0.25 m,
h¼ 0.085 m, csee¼ 0.025, T¼ 300 K, ra¼ 10 1020 m2,24
ka¼ 5 1013 m3/s, Ac¼ 21.4, and Bc¼ 580.
The calculations show that the best fit to the experimen-
tal data was obtained when the values of the applied mag-
netic field substituted into Eq. (17) are B\¼ 0.725Im/2.2,
expressed in millitesla; this also requires the reflection coef-
ficient of the secondary electrons to be Rref¼ 0.25. The
results of the calculations are shown in Fig. 4(b).
FIG. 4. Two-dimensional maps of B\ component of the applied magnetic
field for the electromagnet current of 2.2 A (a) and calculated breakdown
voltage vs the gas pressure with the B\ component of the applied magnetic
field as a parameter (b).
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One can conclude that the values providing the best fit
to the experiment correspond to the magnetic field near the
wall of the hollow-cathode structure. This can be achieved
by comparing the values of the magnetic field applied to
Eq. (17) with the data shown on the maps of the calculated
magnetic field. Therefore, one can assume that in the magne-
tron configuration of interest to the authors the electrical
breakdown occurs near the walls of the hollow-cathode
structure. In this area, the magnetic confinement is weaker,
thus the electron diffusion across the magnetic field is the
strongest compared to other areas of the structure.
The nonmonotonic dependence of the breakdown volt-
age on the B\ component of the applied magnetic field with
the neutral gas pressure as a parameter is presented in Fig. 5.
It can be seen that a weak magnetic field (up to about 0.25
mT) applied at a given pressure (from 0.7 to 1.6 Pa), results
in increasing the breakdown voltage relative to the nonmag-
netized mode (zero value of the magnetic field in Fig. 5).
The prevailing trend is that the lower the external magnetic
field, the steeper the rise of the breakdown voltage.
The most interesting feature of the curve for the pressure
of 0.7 Pa is a discontinuous behavior. Indeed, the breakdown
voltages can be as high as 104 V at a magnetic field of about
0.1 mT. Importantly, Eq. (17) has no solution for magnetic
fields up to about 0.4 mT. Afterwards, the breakdown volt-
age decreases rapidly to the minimal value of 700 V at a
magnetic field of 1.2 mT. The upper part of the curve is pre-
sented by a dotted line, since the arc discharge (not consid-
ered in this paper) may appear at much lower voltages than
calculated by Eq. (17). The curves for pressures from 0.77 to
0.9 Pa exhibit a maximum for the magnetic fields in the
range from 0.2 to 0.27 mT (the lower field corresponds to
lower pressures), and a minimum for the magnetic field of
0.75–1.2 mT (the lower field corresponds to higher pres-
sures). However, in the pressure range from 1.0 to 1.6 Pa,
the application of the external magnetic field results in a mo-
notonous increase of the breakdown voltage.
Three main factors influence the breakdown voltage
when the magnetic field is applied: (1) decreasing the effec-
tive coefficient of the secondary electron emission cnet; (2)
increasing the total length dm, which the electron should pass
to overcome the confinement region; and (3) accounting for
the decrease of the path length ka across the magnetic field
where the electrons gain energy between the elastic collisions
with neutrals. We also note that the denominator on the right-
hand side of Eq. (17) changes with changing the parameters,
while the numerator does not. The ratios cnet/csee and k

a=ka
as a function of the B\ component of the applied magnetic
field with gas pressure as a parameter were also calculated,
and the results are shown in Fig. 6. In addition, the first term
n1 of the denominator in Eq. (17) was calculated as a function
of the breakdown voltage with the B\ magnetic field compo-
nent as a parameter in the pressure range from 0.8 and 1.6
Pa; the results of these calculations are presented in Fig. 7.
The calculations show that, while increasing the mag-
netic field to about 0.75 mT, the effective coefficient of the
secondary electron emission cnet rapidly drops to approxi-
mately 0.3 relative to coefficient csee in the absence of the
magnetic field, and then changes weakly. At the same time,
the path length ka is decreased relative to the path length ka
in the absence of the magnetic field. The increase of the
magnetic field in turn decreases the ionizing rates of neutral
species because of the substantially reduced electron energy
gains between the elastic collisions with the neutrals.
Furthermore, the total length dm, which the electrons
should pass to overcome the confinement region, also
increases with the magnetic field magnitude. However, this
rise is somewhat slower than the drop of the path length ka
with the increased magnetic field.
Meanwhile, the magnitudes of the gas pressure and mag-
netic field also notably alter the value of the first term in the
denominator of Eq. (17). The most interesting feature is its
very weak dependence on the applied voltage at lower mag-
netic field magnitudes (0.1 mT). On the other hand, this term
changes significantly at elevated magnetic fields and reduced
gas pressures.
These considerations allow us to propose the following
mechanism of the influence of the applied magnetic field on
the dependence of the breakdown voltage on the gas pres-
sure. This mechanism describes the observed trends in gas
breakdown in the magnetron setup with a hollow-cathode
configuration.
While applying a weak magnetic field at low pressures,
the most drastic changes occur in the coefficient of the sec-
ondary electron emission, which is reduced greatly. This
results in increasing the voltage necessary to ignite the dis-
charge to compensate for the decrease of the relatively small
amount of secondary electrons from the cathode surface.
These higher voltages in turn increase the ionization rates
within the discharge gap. A further increase of the magnetic
field results in the interplay of two counteracting effects. On
the one hand, the total length dm, which the electron should
pass to overcome the confinement region, increases. On the
other hand, stronger magnetic fields lead to reduced path
FIG. 5. Calculated breakdown voltage as a function of the B\ component of
the applied magnetic field with the gas pressure as a parameter.
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length ka. Note that both of these effects materialize through
reduced electron Larmor radii. The total number of electron–
neutral collisions increases, whereas the number of effective
ionizing collisions becomes smaller. As a result, the break-
down voltage decreases; this trend persists up to some values
of the magnetic field magnitude. Afterwards, the breakdown
voltage increases due to magnetic isolation of the discharge
gap, when the electrons cannot gain sufficient energy to ion-
ize the neutrals.
While applying magnetic field at elevated gas pressures,
collisions with neutrals do not allow the electrons to pass the
whole length of the magnetic field line. In this case, the num-
ber of ionizing electron–neutral collisions is reduced due to
the relatively short total length dm. Likewise, the path length
is reduced more significantly (relative to the path length ka),
as the magnetic field increases. These higher-pressure modes
show a constant increase of the breakdown voltage for the
whole range of the applied magnetic field. This trend is obvi-
ously very different from the low-pressure case, when the
application of the external magnetic field can reduce the
breakdown threshold.
Therefore, the magnetic field variation is another power-
ful factor to control the breakdown characteristics of the dis-
charge gap, along with the more traditional control by the gas
pressure. This provides an added benefit of magnetic isolation
of the discharge gap, in addition to the commonly used vac-
uum and high-pressure isolation. This magnetic isolation in
turn allows one to tailor the discharge breakdown characteris-
tics for specific applications. Recent applications of the
plasma-assisted magnetron sputtering and related techniques
include but are not limited to the growth of nanotubes, nano-
wires, nanotips, nanocones, nanopyramids, and other nano-
structures and biomaterials of a broad range of compositional,
structural, morphological, and other properties.25–39
VI. CONCLUSION
Detailed investigation of the characteristics of electrical
breakdown of the magnetron system with a hollow-cathode
structure has revealed the unusual behavior of the breakdown
voltage at low pressures with the applied magnetic field. In
this case, a dramatic reduction of the voltage necessary to
obtain the self-sustained discharge regime is possible. At the
same time, higher-pressure discharge modes show a monoto-
nous increase of the breakdown voltage with the applied
magnetic field.
To describe the experimental observations quantitatively,
we have developed the model of electrical breakdown in the
discharge self-sustained by secondary electron emission in
FIG. 6. Calculated ratios cnet/csee (a), k

a=ka and dm/h (b) vs the B\ compo-
nent of the applied magnetic field with the gas pressure as a parameter.
FIG. 7. Calculated values of n1 as a function of the applied breakdown volt-
age with B\ component of the magnetic field as a parameter: (a) gas pres-
sure of 0.8 Pa and (b) gas pressure of 1.6 Pa.
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the planar magnetron system with a hollow-cathode con-
figuration. The model considers the combined classical and
near-wall mechanisms of electron conductivity across the
applied magnetic field and describes the motion of the elec-
trons in the discharge gap, as well as the generation of the
bulk electrons. These electrons, in turn, are accelerated by the
electric field and produce a significant amount of ion–electron
pairs, thus sustaining effective ionization in the discharge gap.
The model established the most effective route of the
electrical breakdown near the walls of the hollow-cathode
structure. The mechanism of the influence of the applied
magnetic field on the dependence of the breakdown voltage
on the gas pressure was proposed. According to this mecha-
nism, at weak magnetic fields and low pressures, the most
important factor is the strongly reduced coefficient of the
secondary electron emission. This leads to the higher vol-
tages necessary to ignite the discharge. Indeed, the ionization
rates within the discharge gap should be increased to com-
pensate for the reduced amount of the secondary electrons
from the cathode surface.
While applying intermediate magnetic fields at a low
pressure, the main factors are the increased total path, which
the electron should pass to overcome the confinement region,
as well as the decreased path length for the electrons to gain
sufficient energy between the elastic collisions with neutrals.
In this case, the breakdown voltage is decreased up to some
threshold value of the magnetic field. Above this threshold,
the voltage increases due to magnetic isolation of the dis-
charge gap, when the electrons cannot gain sufficient energy
to ionize the neutrals.
On the other hand, at elevated pressures the electron dif-
fusion across the magnetic field is more effective. This is why
the number of the ionizing collisions is reduced due to the rel-
atively short total electron path and the associated decreased
energy gain between the elastic collisions with neutrals. The
model is remarkably consistent with the experimental results,
which justifies its applicability and relevance. The results of
this work can be used in a variety of practical applications
involving low-temperature plasma processing such as deposi-
tion, thin film formation, as well as low-temperature growth
of various nanostructures and bioactive materials.
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